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ABSTRACT: The advancement of quantum dot sensitized solar cell (QDSSC) technology
depends on optimizing directional charge transfer between light absorbing quantum dots,
TiO,, and a redox mediator. The nature of the redox mediator plays a pivotal role in
determining the photocurrent and photovoltage from the solar cell. Kinetically, reduction of
oxidized quantum dots by the redox mediator should be rapid and faster than the back
electron transfer between TiO, and oxidized quantum dots to maintain photocurrent.

Thermodynamically, the reduction potential of the redox mediator should be sufficiently
positive to provide high photovoltages. To satisfy both criteria and enhance power conversion efficiencies, we introduced charge

transfer spin-crossover Mn'/1

complexes as promising redox mediator alternatives in QDSSCs. High photovoltages ~1 V were

achieved by a series of Mn poly(pyrazolyl)borates, with reduction potentials ~0.51 V vs Ag/AgCl. Back electron transfer
(recombination) rates were slower than Co(bpy);, where bpy = 2,2-bipyridine, evidenced by electron lifetimes up to 4 orders of
magnitude longer. This is indicative of a large barrier to electron transport imposed by spin-crossover in these complexes. Low
solubility prevented the redox mediators from sustaining high photocurrent due to mass transport limits. However, with high fill
factors (~0.6) and photovoltages, they demonstrate competitive efficiencies with Co(bpy); redox mediator at the same
concentration. More positive reduction potentials and slower recombination rates compared to current redox mediators establish
the viability of Mn poly(pyrazolyl)borates as promising redox mediators. By capitalizing on these characteristics, efficient Mn'™/-
based QDSSCs can be achieved with more soluble Mn-complexes.
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B INTRODUCTION

The 1985 discovery of fast photoelectron injection and slow
recombination at TiO,—Ru dye interfaces pioneered the
modern field of light harvesting from sensitized TiO,.! The
observed long-lived charge separated state allowed Gritzel to
capitalize on the efficient charge transfer by collecting the
photoelectrons from TiO, as photocurrent with unprecedented
efficiency.” By using mesoporous TiO, films with ~2000-fold
higher surface area, O’'Regan and Gritzel improved the dye
adsorption yield and power conversion efficiency (7.1%) in
dye-sensitized solar cells (DSSC).>* As an alternative to
molecular dye sensitizers, type II—VI semiconductor quantum
dots (CdS and CdSe) exhibit fast photoelectron injection rates
and have been employed in quantum dot-sensitized solar cells
(QDSSC).>™® However, QDSSCs (record efficiencies ~7%)
have yet to compete with that of DSSCs (13%) and remain the
subject of continued research.'*”">

In DSSCs, the iodide/triiodide couple serves to efficiently
regenerate the ground state sensitizer, acting as a redox
mediator to complete the electrical circuit between sensitized
TiO, and the counter electrode. Much work has contributed to
understanding the redox chemistry involved and the criteria
necessary for optimization of the redox mediator, electrolyte
additives, and solvent.”>'® However, QDSSCs sensitized with
cadmium chalcogenide quantum dots are unstable in the
presence of iodide/triiodide due to photoanodic dissolution
and the formation of cadmium iodide.!” Therefore, sulfide/
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polysulfide electrolytes and suitable counter electrodes were
developed to achieve stable QDSSCs.'®"? Unfortunately, the
unfavorably low redox potential, ~ 0.15 V vs Ag/AgCl, of the
sulfide/polysulfide redox mediator system currently limits the
performance of record liquid-junction QDSSCs. The resultant
low photovoltages, ~0.6 V, have generated a need for the
development of alternative redox mediators to improve
photovoltages and overall efficiencies. To that end, metal
complexes based on Co™™ centers, with tunable reduction
potentials ~0.3—0.5 V vs Ag/AgCl, have garnered much
attention as alternatives to the iodide/triiodide couple in
DSSCs**™° but to a lesser extent in QDSSCs.**™®

The effectiveness of Co/™ mediators in DSSCs (>10%)>
may be partly due to slow reduction kinetics of Co™ complexes,
which undergo charge transfer-induced spin crossover tran-
sitions and internal reorganization upon electron transfer (d° to
d”).?* Ideally, the oxidized redox mediator species M*, present
at the TiO, surface, should not significantly reduce the lifetime
of TiO, conduction band electrons (TiO,(e”)s) before M
diffuses to the counter electrode. The undesired recombination
reaction between TiO,(e”)s and M* limits charge collection, as
with the ferrocene/ferrocenium couple, and constrains the
choice of alternative mediators.”> Some Mn" complexes are
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known to undergo a spin change upon reduction (d* to d°) that
can slow the undesired recombination and have recently been
employed in DSSCs.*° Herein, the efficacy of Mn'/M
complexes for use in QDSSCs is probed and shown to be an
attractive alternative as redox mediators.

A series of Mn poly(pyrazolyl)borates, with reduction
potentials more positive than Co(bpy);, where bpy =2,2'-
bipyridine, and sulfide/polysulfide, delivered photovoltages ~1
V when coupled with CdS/CdSe cosensitized TiO, photo-
anodes. Photocurrents and incident-photon-to-current efhi-
ciency (IPCE) spectra similar to cells employing Co(bpy),
established the ability of the Mn" complexes to regenerate
ground state CdS and CdSe. Favorably, the Mn poly-
(pyrazolyl)borates display slower recombination at the TiO,
photoanodes when compared to Co(bpy)s, resulting in higher
quasi-Fermi levels and, in turn, higher photovoltages. Thus,
Mn'"™ complexes are promising alternative redox mediators as
they deliver efficiencies on average up to 50% higher than
Co(bpy);. However, the low solubility of these complexes
exacerbates mass transport limitations on redox mediators with
slow diffusion properties and leads to limited photocurrents.
Therefore, Mn poly(pyrazolyl)borates with higher solubility are
the subject of continued research.

B EXPERIMENTAL METHODS

Chemicals and Materials. Fluorine-doped tin oxide-coated glass
(FTO-glass, 12—14 Q cm™) from Hartford Glass Co., titanium(IV)
chloride from Sigma-Aldrich, and Solaronix T/SP TiO, paste were
used for photoanode preparation. Cadmium nitrate tetrahydrate
(98%), cobalt chloride (98%), lithium perchlorate (99.99%),
manganese chloride (97%), selenium dioxide (99.9%), sodium
borohydride (98%), sodium sulfide (97%), and zinc acetate
(99.99%) from Sigma-Aldrich were used without further purification.
2,2"-bipyridine (99%) was obtained from Acros Organics, nitrosium
hexafluoroanimonate (97%) from Strem Chemicals, and sodium
hexafluorophosphate (98%) from Oakwood Products. Ethanol from
Decon Laboratories, methanol and acetone from Spectrum Chemical,
and y-butyrolactone from Sigma-Aldrich were used as solvents without
further purification.

Synthesis of Mn"" Complexes. Mn'(pzTp), Mn'(Tp),,
Mn"(Tp*),, where pzTp = tetrakis(pyrazolyl)borate, Tp = hydrotris-
(pyrazolyl)borate and Tp* = hydrotris(3,5-dimethylpyrazolyl)borate,
and the oxidized salts Mn™(pzTp),SbFs, Mn"(Tp),SbF¢ and
Mn"(Tp*),SbF¢ were synthesized as previously described, (chemical
structures in Figure S1 in the Supporting Information).>" MnCl, was
added to an aqueous solution of the respective poly(pyrazolyl)borate
potassium salt (2 mol equiv.,, Strem Chemicals, 98%) and the Mn-
poly(pyrazolyl)borate immediately precipitated. The Mn™ complexes
were filtered, washed with copious amounts of water, and vacuum-
dried. Oxidation of the complexes to Mn™ salts was achieved by
addition of NOSbFy to the Mn" complexes (I mol equiv) in 1:1
acetonitrile/dichloroethane solutions and subsequent rotary evapo-
ration and recrystallization from hot acetonitrile.

Synthesis of Co"" Complexes. Co'(bpy);(PFs), was synthe-
sized as previously, where bpy =2,2'-bipyridine.*> A methanolic
solution of 2,2'-bipyridine (3.5 mmol) was added dropwise to an
aqueous solution of CoCl, (2 mmol). With continued stirring,
aqueous NaPF, (6.7 mmol) was added to precipitate the product. The
precipitate was then filtered, dried, recrystallized from hot ethyl
acetate, and dried under vacuum to obtain Co"(bpy);(PFy),.

Co™(bpy);(PFs); was synthesized by chemically oxidizing
Co"(bpy),** before adding NaPF,. A solution of 2,2'-bipyridine and
CoCl, was prepared as above. Concentrated HCl and 30% H,O, were
added simultaneously to the stirring mixture (2 mL each).”® The
solution was heated at 50 °C for 45 min, during which time a burnt
orange color developed. Aqueous NaPF4 (6.7 mmol) was added to
precipitate the product. The precipitate was then filtered, dried,

recrystallized from hot ethyl acetate, and dried under vacuum to obtain
COIH(bPY)3(PFs)3'

Device Fabrication. Photoanode Preparation. FTO-glass was
ultrasonicated for 15 min in aqueous Alconox detergent and rinsed
with deionized water. The sonication/rinsing cycle was repeated with
ethanol and acetone, respectively. A compact TiO, layer was deposited
by heating FTO-glass in 40 mM TiCly,q) for 30 min before doctor-
blading Solaronix T/SP paste (100% anatase, 15—20 nm). The TiO,
films were heated at 80 °C for 30 min before a 7°/min ramp to 450 °C
and held at 450 °C for 30 min.

Successive lonic Layer Adsorption and Reaction (SILAR). A SILAR
method was used to sequentially deposit CdS, CdSe, and ZnS onto the
mesoporous TiO, films.”” Each SILAR cycle consists of soaking the
annealed TiO, films in cationic solutions (Cd** or Zn?*) for 1 min,
rinsing with the respective neat solvent, soaking in anionic solutions
(S*” or Se*™) for 1 min, and rinsing again with neat solvent. Thus, all
TiO, photoanodes are coated first, with CdS quantum dots, second,
with a layer of CdSe, and last, with a passivation layer of ZnS, as
verified by absorption spectroscopy, Figure S2 in the Supporting
Information.**** For CdS SILAR deposition, 0.1 M Cd(NOs;), and 0.1
M Na,$ solutions were used (1:1 methanol/water, 6 cycles). For CdSe
SILAR deposition, 0.03 M cadmium nitrate and 0.03 M selenium
dioxide solutions were used (ethanol, 8 cycles). Solutions of Se*~ were
prepared from selenium dioxide by adding 2 equiv. of NaBH, and
stirring under nitrogen atmosphere until clear. For ZnS SILAR
deposition, 0.1 M Zn(CH;COOH), and 0.1 M Na,S solutions were
used (1:1 methanol/water, 2 cycles).

Electrochemistry. Cyclic voltammetry and potential-step chro-
noamperometry of Mn" complexes were performed in y-butyrolactone
with 0.1 M LiClO,, supporting electrolyte with a Pt mesh counter, a Pt
or glassy carbon working, and an Ag/AgCl saturated KCI reference
electrode, calibrated with K,[Fe(CN);] from Fisher Scientific.
Potentials were applied with a BASi Epsilon potentiostat (0.01—10
V/s). For potential-step chronoamperometry, potentials were applied
sufficiently reductive so that the current measured was diffusion
limited.

Photovoltaic Characterization. The Mn-complexes were tested
and compared to Co(bpy); as redox mediators in conjunction with the
photoanodes fabricated above. A three-electrode arrangement was
employed with the quantum dot-sensitized photoanode as the working
electrode, a Pt mesh counter electrode, and an Ag/AgCl reference
electrode. The electrolyte (0.35 mL) consisted of 0.1 M LiClO,, S0
mM M", and 5 mM M™ in y-butyrolactone, where M" and M™
represent the reduced and oxidized form of the respective redox
mediator complex. Among common liquid-junction solar cell solvents,
the Mn-complexes were most soluble in y-butyrolactone.® A masked
area of 0.1256 cm® was illuminated at various intensities with a
Newport LCS-100 solar simulator (AM 1.5G spectrum) and current—
voltage responses were recorded at a scan rate of 25 mV/s. Incident-
photon-to-current efficiency (IPCE) spectra were collected at short-
circuit conditions using a monochromatized light source from Optical
Building Blocks (OBB). Open circuit voltage decay measurements
were collected by interrupting the illumination and monitoring the
voltage decay at S0 ms data intervals.*®

B RESULTS AND DISCUSSION

The operation of sensitized solar cells depends on directional
and regenerative photoelectrochemical charge transfer upon
illumination in order to convert incident photons to photo-
current. Therefore, in QDSSCs eflicient generation of photo-
current is mediated by (1) fast electron injection from
photoexcited QDs to TiO,, (2) fast reduction of the oxidized
QDs by reduced redox mediator species, and 3) slow charge
recombination between TiO,(e™)s and the M species (eq 1),
Figure 1. Within the TiO,(e") lifetime, 7., photoelectrons must
be transported through the mesoporous film and collected at
the FTO—glass substrate.
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TiO,(e”) + M*™ = TiO, + M™ (1)

Mred/ox

Figure 1. Energy schematic of electron transfer at the quantum dot-
TiO, interface: (1) photoelectron injection from the quantum dot
conduction band (ECB,qd) into the TiO, conduction band (Ecgprio,),
(2) reduction of the quantum dot into the valence band (EVB,qd) by
reduced mediator species, (3) undesired recombination of TiO,(e™)s
with oxidized mediator species.

Thus, a series of Mn-complexes, Mn"(pzTp),, Mn"(Tp),,
and Mn"(Tp*),, with slow reduction kinetics were chosen to
avoid shortening 7, by the charge transfer from TiO,(e”)s to
Mn™. The one-electron reduction of Mn"poly(pyrazolyl)-
borates results in a low spin to high spin transition (t,,' —
t2g3eg2; S=1— 5/2).>" Becaues of this charge-transfer-induced
spin crossover, the standard electrochemical rate constants are
slow (Fc”* (1 x 10° cm/s) > Co™™ (1 x 107! em/s) > Mn'V/1!
(1 x 107*) cm/s)) and decrease in the ligand series Tp* >
pzTp > Tp.2"*"** At the TiO, anode surface, an additional
thermodynamic barrier is imposed by the spin transition and
reorganization energy associated with the transition, which
should slow recombination (process 3 in Figure 1).

Additionally, maximization of the photocurrent generated
from illumination of QDs requires minimization of competitive
light absorption by other solar cell components, including the
redox mediator. Therefore, the ideal species should absorb
minimally in the absorption range of CdS/CdSe quantum dots
(700—400 nm). Compared to sulfide redox mediator,
manganese poly(pyrazolyl)borates display less absorption in
the desired range, Figure 2. Mn" species have no appreciable
absorbance above ~420 nm (<3 M™' cm™"), see Figure S3 in
the Supporting Information. The absorbance of Mn" species
extends further into the visible region, with absorbance at ~440
nm (~184 M™' cm™'), although with a lower extinction
coefficient than Na,S/S at similar wavelengths (~277 M™
cmfl).

To determine the viability of Mn-complexes as redox
mediators in QDSSCs, we analyzed the light-harvesting
performance of the photoanode/electrolyte combination by
fabricating and testing three-electrode cells. In three electrode
arrangements, as opposed to complete solar cells, the
performance of the photoanode/electrolyte combination is
isolated from counter electrode effects (mass transport and
charge transfer overpotentials). Therefore, the charge-transfer
kinetics and energetics at the photoanode can be studied and
optimized independently of the counter electrode kinetics.
However, the spin-crossover barrier that slows recombination
must be overcome by the counter electrode. As the subject of
continued research, counter electrodes will be designed to

0.4
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Figure 2. Visible absorbance spectra of redox mediators used in
QDSSCs. Black, 1 mM of Mn(Tp),, 0.1 mM Mn(Tp),SbF; red, 1
mM Co(bpy);(PFg),, 0.1 mM Co(bpy);(PFs)s; and magenta, 1 mM
Na,S, 1 mM S. A baseline of the respective solvents was subtracted.

sufficiently catalyze the reduction of Mn™ species, minimizing
charge-transfer overpotentials that would reduce power
conversion efficiencies. CdS/CdSe-sensitized TiO, served as
the photoanode in contact with the respective electrolyte. Cells
containing Mn-complexes were compared to Co(bpy)s.
Sulfide/polysulfide was not compared because of its lack of
chemical stability in y-butyrolactone.

Current density—voltage (J—V) plots with QD-sensitized
TiO, photoanodes and electrolytes with the Mn-complexes are
shown with different illumination intensities in Figure 3.
Figures of merit for 20% and 100% sun intensity are tabulated
in Table 1 and Table S1 in the Supporting Information,
respectively; data from individual trials are tabulated in Table
S2 in the Supporting Information. Overall efficiency averages, 7,
trend as Mn(Tp*), ~ Co(bpy); < Mn(pzTp), < Mn(Tp),. For
Mn(Tp),, increases in photovoltage and fill factor lead to
efficiencies competitive with the known redox mediator,
Co(bpy)s, and the best performing cells were twice as efficient.
Comparison of J—V curves for Mn-complexes and Co(bpy),
are shown in Figure SS in the Supporting Information. Further
insight into solar cell performance is gained by analyzing the
trends in photovoltages, fill factor, and photocurrent, which
compose overall efficiencies.

To maximize the photovoltage, ideal redox mediators should
have sufficiently positive reduction potentials (>0.1 vs Ag/
AgCl). In QDSSCs, the theoretical upper limit photovoltage is
determined by the potential difference between the electron
Fermi level in TiO, under illumination (Eg,) and the redox
potential of the redox mediator.*** Photovoltages approaching
the upper limit can be obtained by employing redox mediators
with reduction potentials >0.15 V vs Ag/AgCl while still
maintaining sufficient reductive power to reduce QDs, process
2 in Figure 1. Cyclic voltammetry shows E , values of ~0.51 V
vs Ag/AgCl for the series of Mn poly(pyrazolyl)borates studied,
Figure 4, which is 0.4 V more positive than Na,S/S and 0.1-0.2
V more positive than typical Co™™ complexes.** With such
positive reduction potentials, the Mn-complexes still demon-
strated sufficient driving force to reduce photooxidized QDs
and act as viable alternative redox mediators. The high V.
values ~1 V (x-axis intercept, Figure 3) are consistent with the
positive reduction potentials discussed above, as the photo-
voltages increase with reduction potential, Co(bpy); <
Mn(Tp), ~ Mn(Tp*), < Mn(pzTp),.
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Figure 3. J—V plots of three-electrode arrangement with (a) S0 mM Mn(pzTp), and S mM Mn(pzTp),SbF, (b) SO mM Mn(Tp), and S mM
Mn(Tp),SbFg, and (c) S0 mM Mn(Tp*), and S mM Mn(Tp*),SbFq. All electrolytes contain 0.1 M LiClO, in y-butyrolactone. Potentials scanned
from reverse to forward bias at 25 mV/s. Dark yellow, dark current; black, 20% sun; red, 40% sun; blue, 60% sun; magenta, 80% sun; green, 100%

sun (100 mW/cm?).

Table 1. Figures of Merit for Cells Containing Mn or Co Complexes at 20% Sun Intensity

Joc (mA/cm?) V,. (V) fill factor n (%) E,), (V vs Ag/AgCl)
Mn(pzTp), —0.08 + 0.02 1.08 + 0.06 0.66 + 0.2 024 + 0.04 0.52
Mn(Tp), —0.12 £ 0.02 0.9 + 0.1 0.55 £ 0.1 0.33 £ 0.15 0.51
Mn(Tp*), —0.06 + 0.02 1.01 + 0.02 0.58 + 0.08 0.19 + 0.09 0.51
Co(bpy)s —0.12 % 0.02 0.8 + 0.1 0.45 % 0.09 0.22 + 0.04 036%
voltage decay, scaled by the thermal voltage, is used to extract
24 Te'41
-1
2 n=— ’CB_T(dL)
2 e \ dt (2
8
= From plots of 7, vs V,, recombination kinetics can be
© qualitatively compared between cells of different redox
-41 mediators, Figure S. Lifetimes at a given voltage increase in

10 08 06 04 02 00
Potential (vs. Ag/AgCl)

Figure 4. Cyclic voltammograms of Mn(pzTp), (black), Mn(Tp),
(red), Mn(Tp*), (green), and supporting electrolyte only (dark
yellow): y-butyrolactone with 0.1 M LiClO, with a Pt working
electrode. E, /, values are tabulated in Table 1

Both fill factor and photovoltage are influenced by
recombination kinetics. Long 7, increase the concentration of
TiO,(e7)s and, thus, Eg, contributing to a higher V,. High fill
factor depends on recombination kinetics by the ability to
sustain photocurrent under applied bias. At applied potentials
near V,, the reduction of Mn'"" species by TiO,(e”)s is slow, eq
1, maintaining long 7. 7, is measured by monitoring the open
circuit voltage decay (OCVD) from illumination conditions to
equilibrium dark conditions.***® The time derivative of the

0.5

-1.04

-1.5- —_—

03 04 05 06 07 08 09 1.0
V_(Vvs.E,)

Figure S. Electron lifetimes extracted from open circuit voltage decay
measurements (OCVD) by eq S2 in the Supporting Information.
Mn(Tp), (solid magenta), Mn(pzTp), (dotted green), Mn(Tp*) ,
(solid black), and Co(bpy); (dashed red).
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the order Mn(Tp*), < Mn(Tp), < Mn(pzTp),. Consistent
with the longest lifetimes, cells employing Mn(pzTp),
demonstrate the highest fill factors and photovoltages. By
extrapolating Co(bpy); data to higher voltages, the Mn-
complexes demonstrate lifetimes 2—4 orders of magnitude
longer than Co(bpy); at the same V,.. For Mn™™, the slower
undesired recombination reaction is likely due to the effective
charge transfer-induced spin crossover, further supporting the
viability of Mn poly(pyrazolyl)borates as alternative redox
mediators. Although both Co(bpy); and the Mn-complexes
undergo charge transfer-induced spin crossover upon reduction
(d® to d’ for Co and d* to d° for Mn), the barrier toward
reduction is larger for the Mn-complexes. Structural and
electronic differences between the Co- and Mn-complexes will
affect the reduction barrier through reorganization energies,
electron pairing energies, and ligand field splitting.

The low solubility of the Mn-complexes studied (50 mM in
y-butyrolactone) drastically limits the photocurrent, which is
typically 1—3 mA/cm? in 0.1—0.3 M Co-based QDSSCs and
10—20 mA/cm® in 1-2 M sulfide-based QDSSCs.'®26:3342
This is not surprising given that even at typical concentrations
used in DSSCs (0.1-0.3 M) Co polypyridyl complexes
experience mass transport limitations not seen with the smaller
iodide/triiodide or sulfide/polysulfide redox couples.**** The
effect of mass transport observed for the Mn-complexes at low
concentrations is further complicated by an additional diffusive
kinetic barrier, corresponding to interstitial Mn™ within the
sensitized TiO,. For direct comparison, tests with Co(bpy),
redox mediator were intentionally kept at the same
concentration as the Mn-complexes.

Low photocurrent compared to optimized QDSSCs (1—3
mA/cm?), obtained with all redox mediators, tested does not
diminish the promising effectiveness of Mn'™ complexes.
Rather, the primary contributions to the observed diftusion-
limited photocurrents are likely the unoptimized porosity of the
QD-sensitized TiO, films and the relatively long distance
between the TiO, film and counter electrode in the
experimental setup (8 mm). High photocurrents form
concentration gradients of M and M* between the TiO,
film and counter electrode that require initial concentrations of
M 50 mM. From Fick’s first law of diffusion, the
concentration gradient can be related to photocurrent
(dependent on one electron transfer with redox species),
assuming a linear concentration gradient, eq 3

dC, _j

° dx F (3)

where D,, the diffusion coefficient of redox mediator species, is
assumed to be constant throughout the TiO, film and bulk
solution for simplicity, F is Faraday’s constant, and j is the
photocurrent density. Diffusion coefficients of Mn-complexes
in y-butyrolactone were determined by potential-step Cottrell
analysis shown in the Supporting Information, Figure S4. For
QDSSC three electrode cells with Mn"(Tp), (D, = 2 X 1075
cm?/s) producing j = 0.12 mA/ cm?, a concentration gradient of
60 mM/cm?® forms between the electrodes (dC, ~ 50 mM).
Therefore, considering an initial concentration of S0 mM,
Mn"(Tp), is depleted at the photoanode under 20% sun
illumination (20 mW/cm?). The photocurrent is limited by
diffusion rather than the ability of Mn"(Tp), to reduce oxidized
CdS/CdSe quantum dots. Similarly, smaller values of D, for
Mn(Tp*), and Mn(pzTp), (1 X 107> cm?/s and 0.6 X 107°

cm?/s, respectively) supported lower photocurrents before
being depleted at the photoanode.

Incident-photon-to-current efficiency (IPCE) spectra provide
a greater understanding of the observed low photocurrents,
Figure 6. The IPCE is the product of the light harvesting (a),

40 T 1.0000
307 - 10,9995
g 1t )
= 204 Lo "
5 . 10.9990
& e
104 « . c s R
+ L[]
. S L. . * 109985
0 fa, NETER:
400 500 600 700
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Figure 6. Left y-axis: Incident-photon-to-current efficiency (IPCE)
spectra of three-electrode arrangement with Mn(pzTp), (green
triangles), Mn(Tp), (magenta circles), Mn(Tp*), (blue diamonds),
and Co(bpy); (red squares) redox mediator (~1 mW/cm?
illumination). Right y-axis: Light harvesting efficiency (a) of quantum
dot-sensitized TiO, based on absorbance spectrum of sensitized films.

charge injection (7;,) and charge collection (7..) efficiencies
according to eq 4

IPCE = aninncc (4)

Opaque black photoanodes of CdS/CdSe-TiO, absorb in the
visible region, minimizing the effect of a, Figure 6. If a is the
limiting factor, then IPCE = « and the IPCE and absorbance
spectra should coincide, which is not observed. Therefore, the
reduced IPCE is likely due to inefficient charge injection or
charge collection, which explains the difference in profile
between IPCE and a. It is reasonable to assume that charge
collection is the limiting factor since it depends on the
reduction of oxidized CdS/CdSe quantum dots by M™ species,
which would be depleted at the quantum dot surface as
described above (diffusion limited photocurrents). .
Additionally, the trend in photocurrents among the Mn-
complex ligand series is consistent with the trend in standard
electrochemical rate constants, mentioned above. The electro-
chemical rate constant for M™ to M™® charge transfer affects
the undesired recombination reaction kinetics, eq 1. As the
electrochemical rate constants of the redox mediators decrease,
the initial J. values increase because of slower recombination
processes, Tp* < pzTp < Tp. At steady-state conditions,
however, the concentration gradient of the M™ species
imposes mass transport limits to the observed photocurrents.

B CONCLUSIONS

To improve the efficiency of QDSSCs, new redox mediators
need to be developed that display positive reduction potentials
and slow charge recombination rates. Therefore, Mn poly-
(pyrazolyl)borate have been demonstrated as viable alter-
natives. The charge transfer-induced spin crossover transition,
upon regenerative oxidation by photoexcited quantum dots,
reduces the undesired recombination reaction at the TiO,
surface. Slow recombination kinetics near operating voltages
led to high fill factors and contributed to high Eg,. Thus,
coupled to positive reduction potentials, impressive photo-
voltages ~1 V result. To realize photocurrent densities in the
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mA/cm? range, limitations imposed by mass transport can be
alleviated by designing Mn poly(pyrazolyl)borates with higher
solubilities in typical QDSSC electrolyte solvents and is the
subject of continued research.

B ASSOCIATED CONTENT

© Supporting Information

Chemical structures of the Mn complexes, Cottrell analysis for
diffusion coefficients, and J—V figures of merit for 100% sun
intensity (100 mW/cm?). This material is available free of
charge via the Internet at http://pubs.acs.org/.
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